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ABSTRACT  The  application  of a  train  of supramaximal  stimuli  during  the 
absolute  refractory  period  of a  cardiac  muscle preparation  has  two effects: a 
depression of the contraction during which it is applied, and a large potentiation 
of subsequent  contractions.  The former is  ascribed  to a  direct  effect upon the 
cell membrane,  and is an indication of the continued  control  of the contractile 
event by this membrane. The latter is explained as a sudden liberation of norepi- 
nephrine by a  stimulation of embedded  nerve  elements,  which  norepinephrine 
then distributes  itself through the tissue and finally diffuses away. 
Whalen (1958)  has discovered a  potentiation of the contractions of papillary 
muscle  and  similar  preparations  of the  cat  heart  caused  by  the  repeated 
application  of  high  voltage  stimulation  through  massive  electrodes.  This 
observation was explained as  the effect of norepinephrine liberated  within 
the tissue by the stimulation of sympathetic nerve fibers  (see also Furchgott 
et al.  (1959)). 
We have employed a  different mode of stimulating these nerve elements, 
using  trains  of high intensity pulses  applied  during the absolute  refractory 
period  of the muscle  (cf.  Ursillo  (1958)).  This  has  enabled us  not only to 
study several aspects of the mechanism of potentiation,  but has  also led to 
the discovery of a  direct depression of the twitch by the applied train,  the 
knowledge  of  which  may  assume  significance  in  the  investigation  of  the 
link between excitation and contraction. 
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METHODS 
The methods used in the present work were, by and large, the same as those used in 
the previous study by Abbott and Mommaerts (1959). The stimulator has been modi- 
fied so as to give a  constant high intensity current during a  single pulse,  and long 
term stability of the pulse  parameter, with direct coupling to the stimulating elec- 
trodes. Threshold stimuli ranged from 1 to 5 ma. per cm.  ~  of tissue, and were applied 
transversely to the preponderant fiber direction. For supramaximal impulses,  tissue 
current densities up to 80 ma./cm.  2 were used.  Isometric tension measurements were 
done with an RCA 5734 transducer tube, or with the variable capacitance tensiom- 
eter of Schilling  (see Abbott and Mommaerts (1959)). 
The bathing solution composition in m~t was NaC1, 154; KC1, 5.63;  CaCI=, 5.59; 
NaHCO3, 7.15; glucose, 5.56; oxygenated with 98 per cent O~2 per cent COs. The 
solution was replaced at arbitrary intervals or was, in the later part of the work, re- 
newed continuously from a separate reservoir. We have no systematic observations  on 
the effect of changing the method of perfusion but mention that with continuous re- 
newal of the medium the contractile strength tended to increase gradually during a 
day's experimentation. Papillary and trabeculae carneae preparations  t were obtained 
from cat hearts with the usual precautions. The temperature of the muscle chamber 
was 27°C., read through a thermocouple permanently located in the muscle chamber 
jacket. 
EXPERIMENTAL  RESULTS 
General Description  A  stimulus  at  4  sec.  intervals  and  slightly  above 
threshold was used for most experiments, and was maintained until a  steady 
contractile response  was  attained.  At  suitable  moments,  a  train  of extra- 
stimuli was applied.  Its variable parameters included the intensity (usually 
at 80 ma./cm.~, unless specified otherwise), its delay (counting the time interval 
between  the  application of the  regular  stimulus and  the  beginning of the 
train), its frequency, its duration, and the duration of the individual stimuli 
(standard pulse width  1 a,  unless otherwise specified). The most frequently 
used "standard train" was of 100 cr duration containing pulses at a frequency 
of 200  per  second.  Under  the  conditions of the  experiment,  the  papillary 
muscle was in the region of a normal positive staircase effect. 
The  application of such a  train was found to have  two kinds of effects: 
a  depression  of the  contraction during  which  it  was  applied  (the  "extra- 
stimulative" twitch), and a subsequent development and decline of potentia- 
tion, in which tensions of two or three times the basic contractile force were 
regularly reached. The course of this potentiation can be complex and consists 
i  For large parts  of  the work, the muscle preparations were dissected  for  us by Mr. Charles Dubkin 
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of several phases.  The  maximal manifestation of each  of these,  and  of the 
extrastimulative depression,  requires different experimental conditions, and 
individual preparations may have a  tendency to emphasize one or the other 
aspect. 
Coincident with  the  application  of the  train,  the  contractile strength is 
suppressed. The following twitch is generally about identical with the regular 
contractions in the steady state,  but it may in special cases be suppressed as 
much as the extrastimulative twitch itself, or may be elevated if the extrastimu- 
lation leads to the appearance of an extrasystole. The succeeding postextra- 
stimulative contractions then show the course of potentiation in which it is 
frequently possible to discern a primary inotropic increase, and then a second- 
ary depression, after which the final potentiation appears in its full course. 
The Main  Potentiation  Phenomenon 
The course of the  positive inotropy elicited by  a  stimulus train  develops 
more rapidly than the high voltage effect, suggesting that the train releases 
the material responsible for the potentiation in one concentrated dose, while 
in the case of supramaximal single stimuli it is more gradually set free. 
Complete courses of the inotropic variations elicited by various modes of 
extrastimulation are given in Figs.  1 to 6. We shall not discuss these figures 
seriatim, but refer to them in the separate descriptions of the individual effects. 
Effect  of Delay  When identical  trains  are  applied  at  increasing delay 
intervals (Fig.  1), it is seen that the course and extent of potentiation are not 
noticeably altered. The only exception is presented by the cases in which the 
delay places the train outside the absolute refractory period, so as to give rise 
to  an  extrasystole  and  hence  to  postextrasystolic potentiation  (Fig.  1,  500 
delay). 
Effect  of  Train  Duration  With increasing duration of the train  (Fig.  2) 
the potentiation is enhanced. In the same series, the depression of the extra- 
stimulative contraction increases too,  but there is a  quantitative divergence 
of the two phenomena. In Fig.  1,  it will be noticed, the dissociation of the 
two  phenomena is  even  more  complete. 
Effect of Frequency  This has been investigated in two ways. At constant 
duration of the train (Fig. 3), increasing frequency leads to a  great reduction 
of the  potentiation,  the  primary  depression  being  enhanced.  At  constant 
number  of  pulses  (Fig.  3),  the  divergence  between  potentiation  and  de- 
pression is even more pronounced, the former being entirely absent at fre- 
quencies permitting complete display of the latter. The sensitive element for 
potentiation is therefore optimally stimulated at frequencies of 100 per second 
or below. 418  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  44  •  t96o 
Effect  of Pulse  Width  Increasing the duration of the individual pulses 
in  a  train while keeping their number constant  (Fig.  4)  shows an optimal 
pulse duration  of 0.5  a,  shorter  ones  being  evidently insufficient to  effect 
full excitation, longer ones causing a small but definite lessening of the effect. 
Sharper differences are seen when the same total summated current is kept 
constant (Fig. 5), in which case prolongation of the individual pulses beyond 
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FmURE 1.  Time course of the inotropic effects elicited by a  train of impulses applied 
during the absolute refractory period of one contraction at the moment indicated by 
the vertical arrow. In this and the following figures, the threshold stimulus was about 5 
ma.,  the extrastimulus about 80 ma.,  and the height of contraction in each twitch is 
expressed  as its ratio to the normal; the basic stimulation interval was  4  seconds; the 
temperature was 27 ° . 
Variable parameters, delay of the extrastimulus (a to i, 5,  10,  20, 50,  100,  150, 200, 
300,  and 500 ~). Train characteristics,  100 a  duration, 200 frequency,  1~ pulse dura- 
tion. 
FIGURE 2.  As Fig.  I. Variable parameter, duration of the train (a to h,  5,  I0,  20,  50, 
100,  900,  400,  and 600  ~).  Train characteristics,  5  cr delay,  200  frequency,  1 ~  pulse 
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1 a leads to a sharp reduction of first the duration, then the degree of potentia- 
tion.  A  single long pulse can  produce moderate potentiation and  extreme 
primary  depression.  The  effects  of the  single pulse  on  primary  depression 
will be elaborated in a  later section. 
Effect  of Intensity  A  study of the effect of intensity (Fig.  6)  shows that 
potentiation begins with a  threshold of 5  to  10  ma./cm.~ and  increases  to 
a  maximum at current densities between 50 and 60 ma./cm.  2 The duration 
of the potentiation increases with greater  stimulus strength up to about 28 
ma./cm.  2,  but  not  beyond.  The  threshold  of potentiation  is  of the  same 
order of magnitude as  that for the stimulation of the myoeardium, so that 
the full development of the positive inotropy is an attribute of supramaximal 
stimulation, as is the high voltage effect. 
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FmuP.z  3.  As Fig.  I.  Variable  parameter,  frequency  of  the  train  pulses;  a  to  d, 
100,  200, 400, and 760 per see.  for  200  o" duration; e to g,  100  cycles/see,  for  200 a; 
200  cycles/see, for  100 a; 400  cycles/see, for 50 a. Delay  5  ~, pulse  1  a  throughout. 
FIGUmE 4.  As Fig.  1.  Parameter,  variable pulse duration at constant pulse number, 
a to f, 0.1, 0.2, 0.5,  1.0, 2.0, and 5.0 (r. Frequency 100, duration 200 ~r, delay 5 ~r. 42o  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  • VOLUME  44  •  I96O 
The Relative Depression of Potentiation and the Secondary Rise 
Description  Perusal of Figs.  1 to 5 will show that, while in many cases 
the potentiation appears and declines in a  simple fashion, there are instances 
in which the first rise is broken by a  relative decline, before the potentiation 
reaches its  final  peak.  This  phenomenon is  readily  distinguished  from  the 
postextrasystolic  potentiation  if  occurring,  and  the  two  effects  can  occur 
together  (best  examPle  among  the  illustrations:  Fig.  2,  top  curve),  Its  oc- 
currence varies  from preparation to  preparation,  and  in  a  general  way it 
seems to become relatively preponderant at greater degrees of potentiation, 
whether accomplished by lengthening the train  (Fig.  2),  decreasing the fre- 
quency  (Fig.  3,  downward),  or  altering  the  pulse  width  (Figs.  4  and  5)~ 
Whatever  the link  between the  events,  it  is  clear that  the  development of 
potentiation  can  be  interrupted  by  a  passing  phase  of negative  inotropy 
superimposed  upon  the  main  trend. 
In mechanophysiological terms, these sequences are understood by observ- 
ing  a  series of twitch curves photographed  sequentially on the same plate. 
Sometimes it is seen that the transition from the normal twitch to the maxi- 
mally potentiated one takes place without change in duration of the contrac- 
tion cycle. Instead,  alterations occur in the intrinsic velocity of tension de- 
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pulse duration  at constant total current time, 
a,  100 pulses of 0.2  a; b,  40 pulses of 0.5  or; 
c,  20 pulses of 1  a;  d,  10  pulses of 2  or;  e,  4 
pulses of 5 (r; f, 2 pulses of 10 ~; g-/,  1 pulse 
of 20 cr (at 5, 20, and 25 cr delay). Frequency 
100, delay  5 ¢  (unless otherwise noted). BRADY, ABBOTT, AND MOMMAERTS Effect  of Impulse  Trains on Cardiac Contraction  4  2x 
velopment;  these  result,  presumably,  from  corresponding  changes  in  the 
intrinsic  velocity  of shortening  of  the  contractile  component  (Abbott  and 
Mommaerts  (1959)), rather  than  changes in the duration of the active state. 
Such a  sequence can be observed in the case of uncomplicated development 
of the potentiation,  such  as in  the curves  of Fig.  1.  We conclude from  this 
that  train  potentiation  is caused  primarily  by this  alteration  in  contraction 
velocity,  without  prolongation  of  the  active  state.  The  same  conclusion 
applies,  indeed,  to high  voltage potentiation  as well  (data to be published). 
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quency, and  1 ~ pulse width, upon the maximal potentiation  (curve a) and upon the 
depression of the extrastimulative contraction  (curve c). Curve b, depression by a single 
pulse of 20 ~r duration,  5 ~r delay. 
When the relative depression occurs, however, the course of events is more 
complicated,  as in  Fig.  7.  At first (traces  1-9)  the primary  depression is ob- 
served, in this case with some lengthening of the twitch because a  500  ~ train 
was used, which extended beyond the absolute refractory period. The primary 
onset of the potentiation begins to proceed as described for the uncomplicated 
case (trace 3, etc.), but it is soon evident from the great reduction in the time 
of the contraction cycle that the active state becomes shorter  (traces 3, 4,  5). 
This shortening reaches such an extent that the peaks become lowered again 
while  the  velocity  of  tension  development  now  remains  constant  (traces 
6 to 8). This is the relative depression, the sequence given here corresponding 
to one of Fig.  2, intermediate  between the two upper curves.  The secondary 
rise  is  shown  in  traces  9  to  90  in  which  the  contractions  become stronger, 
while  the  tension  development  velocity  remains  rigorously  constant,  ex- 4a2  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  44  •  I96o 
clusively by lengthening the time span  of the  active state.  This experiment 
in one run illustrates most of the principles  underlying this series of papers. 
There  are  other  cases  in  which  the  shortening  of  the  active  state  occurs 
gradually  throughout  the  development  of potentiation,  without  showing  a 
secondary depression separately (as is often the case in the rise of the staircase 
effect (Abbott and Mommaerts (1959)). 
Actual  determinations  of the  active  state  characteristics  will  be  reported 
in another context. 
5 
21 
Fxotrax 7.  Sequence  of twitch recordings  in 
the course of inotropic  changes  induced by a 
train  of 500  •  duration,  comparable  to  the 
two top curves in Fig.  2. Record 1, a normal 
contraction; 2,  the  contraction during which 
the train was applied,  showing twitch depres- 
sion. Traces 3, 4, 5, the first rise of potentiation, 
accomplished  with  little  alteration  of  the 
twitch duration but by increased  tension  de- 
velopment  velocity.  Traces  6,  7  (and  8, 
omitted), secondary depression due to shorten- 
ing of the active state, without altered contrac- 
tion velocity. Traces  9  to 91, reestablishment 
of full potentiation, entirely by  prolongation 
of the active state duration without change in 
contraction velocity (direct tracings of original 
oscilloscope records). 
Impulse  Train Effects at Different Basic Frequencies of Stimulation 
When the train  effect is  investigated at different stimulation frequencies,  it 
emerges  that,  regardless  of  the  original  contractile  strength,  potentiation 
leads to the same final  level  (Fig.  8),  as if the several  experimental param- 
eters  together or  separately lead  toward a  full  saturation  of the  contractile 
mechanism.  It  is  seen,  furthermore,  that  they  approach  this  final  level  at 
approximately the same rate from whatever starting point. 
There were, however, papillary muscle preparations with more complicated BRADY, PmBOTT, AND  MOm~A~.R~  Effect of Impulse Trains on Cardiac Contraction  423 
responses; for example, we have noted instances where at high basic repetition 
rate  the initial  stage of potentiation was  soon overtaken by  a  pronounced 
depression. 
The Decay of Potentiation 
As can be observed from Figs.  1 to 5, the potentiation eventually declines in. a 
decay process resembling that of high voltage potentiation.  It will be sub- 
jected  to  further  analysis  in  the subsequent paper  (data  to  be published). 
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The Causation of Potentiation and of the Relative Depression 
Myocardial Preparation from Reserpine-Treated Cat  Various considerations, 
especially the analogy with the high voltage effect which it has been  sug- 
gested might be due to norepinephrine  ~ (Whalen et. al. (1958) ; Furchgott et al. 
(1959)), have led us to investigate whether the same cause might apply here. 
To that end,  reserpine was administered to the animal the day before the 
dissection of the muscle (1.25 mg. per kg.), while the experiment otherwise 
was  conducted as  usual.  This  type of experiment has  been  performed re- 
peatedly with several  variations  and  it was  found that  the potentiation is 
completely absent.  The  primary  depression  is  shown  unaltered,  however, 
2 For brevity, we speak of"norepinephrine," assuming that this ks the predominant agent in the heart, 
but without independent evidence as to the actual identity of the sympathornirnetic substance. 4~  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  44  "  I96O 
and in fact  some  of its  characteristics  have  been  studied  on  preparations 
from reserpine-treated animals. 
Effect of Reserpine Added to the Bathing Fluid  In one experiment, we have 
observed that addition of reserpine directly to the muscle in the bath leads 
to a  large potentiation. This observation is of interest in demonstrating the 
peripheral action of reserpine, but has otherwise not been elaborated upon 
in connection with the main line of this paper. 
Effect  of a  Norepinephrine  Antagonist  Following the work  by  Furchgott 
et  al.  (1959),  we  have  employed  dichlorophenyl  isopropyl  aminoethanol 
(10  -4  gm./cc.)  as  a  norepinephrine antagonist.  In line with their observa- 
tion on high voltage potentiation, we have found that this substance suppresses 
the train stimulation in all its forms. It does not, however, affect the primary 
depression (see below). 
The  Twitch Depression 
Description  With  this  term  we  shall  indicate  the  depression  which 
occurs within the same twitch as the train  is applied or,  more rarely,  to a 
larger degree in the first postextrastimulative twitch. In most cases the train 
is  given within the absolute refractory period of the muscle, indeed within 
the early phase of the rising period of the twitch. Hence, there is no question 
of restimulation in the ordinary sense.  Only with very long trains,  or with 
trains applied after considerable delay, is there a  stimulation applied during 
the reappearance  of excitability,  and  the  possibility  of the  appearance  of 
ordinary postextrasystolic potentiation. In the following paragraphs, we shall 
briefly  survey  the  appearance  of this  effect under different circumstances. 
Conclusions will be tentative because a  complete explanation of these phe- 
nomena will  require  parallel  investigation with  intracellular  electrical  re- 
cording during the passage of the extrastimulative current. 
Effect  of  Various  Parameters  The  appearance  of the depression can  be 
characterized  by  three  general  features.  First,  the  extent  of depression  is 
proportional to the total charge applied to the tissue; i.e.,  current  X  time, 
and is relatively independent of the form of this current.  Second, the extent 
of the depression is  directly related  to  the time interval  after  the primary 
stimulus  at  which  the  extrastimulative  current  is  applied.  Third,  when  a 
single extrastimulative current pulse is given, a  break in the rise of tension 
occurs shortly after the termination of the pulse. 
The first characteristic is illustrated in Figs. 2 to 5. Fig. 2 shows the increase 
in depression as the number of applied pulses of equal amplitude and duration 
is increased from  1 to  120 at constant frequency.  In Fig.  3  (a-d), depression BRADY, ABBOTT, AND MOMMAERTS Effect  of Impulse Trains on Cardiac Contraction  425 
increases as  the number of pulses is  augmented from 20  to  152  by varying 
their frequency, while (e-g)  little variation of the depression occurs when the 
pulse number remains constant and the frequency is varied. Fig. 4 shows the 
increase of the depression as the pulse width is enhanced, and Fig. 5 demon- 
strates the constancy of the depression when the total applied charge is kept 
constant at various combinations of number and duration of the pulses. 
The relation of the depression to the delay of the extrastimulative current 
is shown in Fig. 5  (g-i).  A  pulse of 20  ~ duration applied early in the cycle 
produces little depression, but becomes more effective after  20  ~r delay. In 
Fig.  9a  the depression produced by  a  100  a  train  of 20  pulses is maximal 
when given 10 ~ after the primary stimulus, but declines to a negligible value 
at a  delay of 200 ~. The records of the time course of each contraction, as in 
Fig. 9a,  show that  the depressions are brought about by a  change in con- 
traction velocity, a  feature shown in more detail in Fig. 9b. 
The  third  characteristic,  the  rebound  of  the  shortening  velocity after 
termination of the  extrastimulus,  while noticeable  in  Fig.  9b,  is  especially 
illustrated in Fig. 9c, where a single pulse is applied with increasing duration. 
All three features of the depression persisted under experimental conditions 
in  which  the  subsequent potentiation was  blocked,  and  are  therefore  un- 
related to the neurohumoral factors to which we ascribe the positive inotropy. 
The following tentative explanation is offered for these phenomena. Crane- 
field and Hoffman (1958) have shown that anodal current pulses applied to a 
papillary  muscle  during  the  absolutely  refractory  period  can  produce  a 
propagated  repolarization,  provided  a  threshold  membrane  potential  is 
reached. It seems that the current pulses in our experiments could produce a 
similar repolarization and that the amount or extent to which the tissue is 
affected would be proportional to the total charge applied to the tissue.  In 
view of the data of Kavaler  (1959,  1960)  showing that contraction could be 
lengthened by  maintaining the action potential  by  an  applied current,  or 
shortened  by  early  repolarization,  it  is  reasonable  to  assume  that  the  de- 
pression in our experiments is due to an early repolarization of some of the 
fibers by the extrastimulative current. It might be argued that the depression 
arises  from a  decreased excitability  of some of the fibers so that  the entire 
tissue does not become active until this is terminated.  However, depression 
can still be initiated between  100  and 200  a  after the primary stimulus, at 
which time the entire syncytium would be depolarized. 
The connection between the extrastimulus delay and the depression may 
be viewed in one or both of two possible ways. Weidmann (1951) has shown 
that  the  impedance of Purkinje  fibers  is  high  during  the  action  potential 
plateau.  A  current  applied  during  this  phase  would  be  more  effective in 
returning the membrane potential toward the threshold level than during the 426  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  44  "  196o 
depolarization phase when the impedance is low.  Alternatively,  it may be 
considered that a  smaller change in membrane potential would be required 
to  reach  the  threshold  the  later  it  were  applied,  because  the  potential  is 
spontaneously returning towards that level anyway. 
Cranefield  and  Hoffman have  also  shown  that  anodal  break  excitation 
occurs in the preparation following the termination of the applied current. 
The increase in shortening velocity at the end of the current pulse (Fig. 9c) 
does have the appearance of a  reactivation of all or some of the tissue. That 
the total  twitch deviation, counted from the primary stimulus, is not pro- 
longed under these conditions may be consistent with the observation (Abbott 
and  Mommaerts  (1959))  that  the  contraction cycle  at  shortened stimulus 
interval is often abbreviated, as is the action potential. 
Depression of the postextrastimulative contraction might be explained as a 
negative staircase effect resulting from the interposed anodal break response. 
A  test of the validity of these various possible mechanisms could be ob- 
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Fmu~  9a.  Twitch  shapes  of  the  extra- 
stimulative  twitch  (e),  in  each  case  paired 
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Fmugz  9b.  Recordings  of the  beginning  phase  of tension  development,  a,  normal 
twitch; b, with  100  ~, single pulse applied after 5  cr delay; c, d, and e, as b, but with 10, 
15, and 20 cr delay. 
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FIGURE 9c.  Recordings of the  beginning phase  of tension development  (note slower 
time scale), a, two recordings of a normal twitch; b, with 100 ~, pulse applied after 10 
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tained from studies on the membrane potentials during the extrastimulation, 
and  from  simultaneous observations  on  the  intensity  and  duration  of the 
active state. 
The effects of other stimulus parameters are seen from Figs.  2  to 6,  and 
need  no detailed verbal  description at  this  time.  Fig.  6  demonstrates that 
depression and potentiation have different threshold values, in keeping with 
the view that entirely independent phenomena are involved. 
DISCUSSION 
Although this investigation started from a  search for a  potentiating effect, 
it actually turned out to reveal a  variety of both positive and negadve ino- 
tropic influences. We shall discuss these one by one, and arrive at the following 
over-all picture. 
The major positive inotropic wave is ascribed  by us to the liberation  of 
norepinephrine from embedded sympathetic nerve endings. While we have 
no  independent evidence on  the  occurrence of such  nervous elements,  we 
refer to the paper by Middleton el al.  (1956) in which questions of this nature 
are raised (see also IVIommaerts et aL  (1960)).  Our conclusion is based upon 
the  elimination of potentiation  by  previous  treatment  of the  animal  with 
reserpine,  and by application of dichlorophenyl isopropyl aminoethanol di- 
rectly to the bathing solution. Some other experiences are likewise in harmony 
with this conclusion, such as the observation that reserpine directly added to 
the tissue leads to prolonged potentiation, most readily explained as a release 
of norepinephrine from its stores and precursors. This direct demonstration 
of the action of reserpine upon a peripheral organ is of itself of some pharma- 
cological interest. Our conclusion regarding the role of norepinephrine in this 
regard is also in complete agreement with the explanation given by Whalen 
(1958)  and by Furchgott et al.  (1959) for the mechanism of Whalen's supra- 
maximal stimulus potentiation. 
The fact that in our experimental approach this local liberation of norepi- 
nephrine takes place massively in a  short interval offers technical advantages 
over the otherwise equivalent experiments with supramaximal stimulation. 
After extrastimulation, potentiation develops, and approaches the final level 
with a  rate constant of about  10 seconds, regardless of the number of inter- 
vening twitches  (el.  Fig.  8),  in cases in which the ascent is simple and not 
interrupted by the secondary depression. Since norepinephrine, originating 
in nerve fibers, would be secreted topically and would have to diffuse through 
the interstitial space to reach  the surface of all  muscle fibers,  it would be 
required to demonstrate that within the above indicated times diffusion would 
take place to a  sufficient extent. The mathematical solution of the diffusion 
equation depends on the assumed geometry, which is undoubtedly complex BRADY, ABBOTT, AND  MOMMAER"fB  Effect of Impulse  Trains on Cardiac Contraction  4a9 
in the present case. In the Appendix we present a derivation for what may be 
a  reasonable approximation. This results in the conclusion that the times in 
which potentiation observably reaches half or all  of its  extent are well ac- 
counted for by assuming realistic values for the distance 21 along the tortuous 
interstitial spaces between two nerve fibers (Figs.  10,  11); in fact, there may 
be some time to spare to permit development of the effect upon each cardiac 
fiber ;8 e.g. by requiring diffusion over a short distance into the cell membrane 
with a  lower diffusion constant. It  must be stressed, however, that although 
this presentation demonstrates that diffusion of norepinephrine is su_fficienfly 
rapid  to  account for the observed phenomena,  it does not provide explicit 
proof for this mechanism. The data might be equally  well compatible, e.g. 
with a  formation of norepinephrine at more numerous points near each cell 
surface, followed by slow diffusion into the interior of the fibers. 
We have considered whether the relative depression which, upon certain 
modes of stimulation, may follow the primary onset of potentiation, could be 
ascribed to the liberation of acetylcholine, but the suppression of this effect 
by atropine was inconsistent. Finally, the decay of the potentiation would be 
the result primarily of diffusion of norepinephrine into the bath. 
As will be emphasized in  a  subsequent paper  (Abbott  et  al.,  data  to  be 
published), the adrenergic potentiation consists of an increase in shortening 
velocity,  with or without a  correlated  intensification of the  active state  as 
discussed earlier (Abbott and Mommaerts (1959))  but without an alteration 
in the duration of the active state.  Modifications due to a  shortening of the 
active state duration  (Fig.  7)  may be superimposed upon the course of the 
main phenomenon. This is in contrast to the mode of action of epinephrine 
upon certain mammalian skeletal muscles, in which primarily the duration 
of the active state is altered (Goffart and Ritchie (1952); Ritchie (1954)). 
Effects of the variable stimulation parameters will not be discussed here in 
addition to the descriptive presentation already offered. The direct depressing 
effect of the stimulus train is tentatively ascribed to a conducted repolarization 
of the excitable membrane, depending on the parameters of the extrastimulus. 
This interpretation, which has been elaborated in the experimental section, 
seems  straightforward  in  view  of work  done  by  other  investigators  but  a 
complete explanation must await membrane potential data from single fibers 
showing  propagated  repolarization  and  reexcitation  at  the  termination  of 
the  extrastimulative current.  In  addition  to  the  explanations  proposed  in 
terms of membrane effects, one may also have to consider the possibility of a 
direct influence of the current upon the contractile process itself. 
3 It is obviously of great interest to know the time course of the action of norepinephrine upon the 
muscle cell, and especially its effect at different moments of the contraction cycle. Since the follow- 
ing considerations illustrate the limitations imposed by the diffusion process, we have initiated inves- 
tigations on this point with a sudden "slug" perfusion technique. 43  °  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  44  "  ~96o 
APPENDIX 
Estimation  of  the  Time  Required for  a  Neurohumoral  Substance to  Distribute 
Itself by Diffusion  through the Extracellular  Space of a Muscle Preparation 
The problem is to estimate what spans of time would be needed to permit a substance 
such  as  norepinephrine  to  diffuse  throughout  the  extraceUular  space  of a  cardiac 
tissue sample and to exert its influence upon all parts of this tissue.  It will be assumed 
that the substance originates in nerve elements of small volume scattered in the tissue, 
which run as cylinders parallel with the muscle fibers,  and that the substance exerts 
its  effect upon these when present  in the extracellular  space  bathing  them,  without 
SIMPLIFIED  TISSUE  MODEL 
I 
I 
.......  2  I. 
x = -I. 
x= -a-l. 
MATHEMATICAL 
X=|. 
x=a+ 
MODEL 
FIGU~ 10.  Schematic presentation of a tissue  space channel between two nerve fibers 
(top)  and of the coordinates  (bottom)  assumed in the  mathematical  treatment  of the 
diffusion problem (Appendix). 
having to penetrate wholly into the fibers. This problem is not,  as  might  be  thought 
at  first,  one  of a  substance  diffusing  from a  cylinder  of radius  b  into  a  concentric 
cylinder of radius  a  (a >>  b),  but  is more adequately  approximated,  we believe,  by 
considering a fraction of the extracellular space as a  sheet in contact with two limited 
sources  at  either  end.  The  fact  that  the  lateral  dimension  of this  sheet  is  variable, 
and that it may branch into parts not independently supplied  by sources of its own, 
will cause the required  diffusion times to be underestimated  by an unknown extent, 
for which we compensate by assuming a  low diffusion constant. 
This  assumption leads  to the consideration of the uptake  of substance  by a  sheet 
between the coordinates x  =  -l,  x  =  q-l, from a  smaller volume on either side be- 
tween the limits  -  (a q-  l) and  -  l, and  (a q-  l) and l, respectively.  It will be sought 
to calculate  the amount of material  Mt present  in the sheet  as  a  function of time  t, 
expressed as a  fraction of the amount M  ~  that would accumulate at t  =  Go. It will 
be  assumed  that  within  the  source  space  the  concentration  remains  homogeneous,  4 
4 This assumption is valid even without resort to stirring, because diffusion within this small space is 
fast compared to that along the larger distances considered. BRADY, ABBOTT, AND MOMMAERT$  Effect  of Impulse Trains on Cardiac Contraction  43 t 
and that 90 per cent  s of the substance liberated in an area conjugated with the section 
of tissue space under consideration will eventually enter into this space. 
The  case,  then,  is  identical  with  that  of the  diffusion from a  stirred  solution  of 
limited volume into a  sheet, which  has been discussed by Crank  (1956,  pp.  52  and 
following). Using his derivations, we have constructed graphs for Mtu® as a  function 
of t, for several distance parameters, such as would apply for reasonable distances be- 
tween the nerve fibers, under the assumption that D  equals  10  -8 cm.  2 see.-1; at per- 
haps too low a  value, but by its use we have meant to correct grossly for the effect 
of the irregular diameter of a  diffusion space. It is seen (Fig.  11)  that realistic orders 
of magnitude for the diffusion times are obtained for plausible  values of the  linear 
distance. 
Mt 
M~ 
1.0 
0.5 
I  I  I 
0  I0  20  30 
TIME  IN  SECONDS 
Fxoum~ 1  I.  Approach to the diffusion equilibrium for three +  values of the parameter 
l (Fig. 10). The curves give the ratio of the amount of substance Mt contained within 
the diffusion  space at time t, to the amount M~  contained at final equilibrium. 
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